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Summary  Many  mining  operations  produce  tailings  that  dewater  very  slowly  under  self-weight
consolidation.  On  way  of  reducing  the  water  content  of  such  tailings  is  by  coagula-
tion/ﬂocculation  processes  (C/F  processes).  This  paper  describes  a  study  using  aluminium
chloride and  pre-hydrated  aluminium  salts  as  aluminium  chlorohydrate  —  ACH  (F1.2A,  F1AM,
FD15, FDM17H,  F1S)  and  polyaluminium  chloride  —  PACl  (PAX-18)  in  dewatering  of  ﬂotation
tailing slurries,  resulting  from  coal  ﬂotation  in  the  coal  preparation  at  the  Paskov  Mine  (Czech
Republic).  Experiments  were  conducted  at  different  temperature  and  mixing  conditions  to  sim-
ulate full-scale  conditions.  The  results  point  to  a  potentially  technique  for  reducing  the  water
content of  tailings  streams,  thus  increasing  storage  space,  improving  economic  and  environ-
mental aspects.
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ntroduction
ewatering  and  disposal  of  mineral  waste  tailings  pose
 major  technological  and  environmental  challenge  to
ining  and  mineral  processing  industries  world-wide.  The
roduction  of  ﬁne  coal  particle  wastes  and  by-products  has
ncreased  as  a  result  of  continuous  mining  methods  and  coal
leaning  processes  in  the  coal  industry.  An  inherent  problem
ith  the  production  of  ﬁnes  is  relatively  high  moisture  con-
ent  of  the  de-watered  product  that  introduces  technical
 open access article under the CC BY-NC-ND license
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Table  1  Chemical  composition  of  the  ﬂotation  tailings.
Abundance  Na2O  MgO  Al2O3 SiO2 P2O5 SO3
(wt%)  <1.00  2.40  15.00  42.10  0.20  2.10
Abundance  Cl− K2O  CaO  TiO2 MnO  Fe2O3
4.40
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nd  economic  difﬁculties  in  the  handling,  disposal,  water
emoval  and  reuse  of  coal  ﬁnes  (Sabah  and  Erkan,  2006).
Flotation  is  widely  used  to  clean  ﬁne  coal  particles  by  sep-
rating  them  from  clay,  silt,  shale  and  other  ash-producing
atter  using  air  bubble.  After  ﬂotation  either  the  coal  or
ailings  slurries  must  be  dewatered  for  practical  and  eco-
omic  advantages.  Typically,  sedimentation  and  ﬁltration
re  used  to  dewater  the  coal  and  tailings  (Scheiner,  1996;
ockhart  and  Veal,  1996;  Hogg,  2000).
The  main  driving  force  for  coal  tailing  ﬁltration  is  the
limination  of  unsustainable  disposal  of  ﬁne  coal  tailings  in
arge  tailings  dams  (Dentel  and  Gosset,  1988).
Coagulation/ﬂocculation  (C/F)  is  usually  a  necessary  pre-
reatment  step  in  dewatering  streams  containing  signiﬁcant
uantities  of  very  ﬁne  particles.  For  such  systems,  the  effec-
iveness  of  the  C/F  step  may  determine  the  performance
nd,  ultimately,  the  capacity  of  the  dewatering  system.
Effectiveness  of  the  process  depends  not  only  on  the  use
f  appropriate  chemical  reagents  (coagulants,  ﬂocculants,
tc.)  but  also  on  how  they  are  applied  and  how  the  process
an  be  controlled  so  as  to  achieve  optimum  performance
n  the  context  of  dewatering  operations  such  as  sedimen-
ation  and  ﬁltration  (Van  Benschoten  and  Edzwald,  1990;
etterman  and  Asolekar,  1990;  Duan  and  Gregory,  2003).  The
nteraction  of  colloidal  particles  with  each  other  and  with
ther  chemical  species  has  an  enormous  technological  sig-
iﬁcance  even  in  abrasive  environments  (Gryc  et  al.,  2014).
he  objective  of  dewatering  processes  is  often  to  obtain
lear  water  with  low  percentage  of  solids.
The  aim  of  experiments  is  testing  suitability  of  the
elected  coagulants  for  potable  optimization  of  ﬂotation
ailing  slurries  dewatering  and  to  gain  a  deeper  understand-
ng  of  the  interaction  mechanism.aterials and methods
ll  experiments  and  analyses  were  carried  out  in  labora-
ories  of  Institute  of  Clean  Technologies  for  Mining  and
u
D
t
m
Table  2  Some  speciﬁcs  of  coagulants.
Coagulant  Relative  density  (g/cm3)  
F1.2A  1.280  
F1AM 1.280  
FD15 1.200  
FDM17H 1.275  
F1S 1.300  
PAX-18 1.360  
AlCl3 N/A  
N/A = not available, ACH = aluminium chlorohydrate, PACl = polyalumini 1.57  0.10  6.50
tilization  of  Raw  Materials  for  Energy  Use,  at  VSˇB  Technical
niversity  of  Ostrava.
The  basic  concept  of  the  experimental  work  focuses  on
he  veriﬁcation  of  the  mutual  interaction  between  the  ﬂota-
ion  tailings  and  the  chemical  agents  speciﬁed  below.  Making
se  of  the  principles  of  measuring  the  zeta  potential,  tur-
idity  and  sedimentation,  we  acquired  a  description  of  the
urface  properties  of  the  colloid  coal  tailings  in  the  liquid
edium.
ailings
he  tested  ﬂotation  tailings  are  ﬂotation  tailings  resulting
rom  coal  ﬂotation  in  the  coal  preparation  at  the  Paskov
ine,  the  Ostrava  Coal  Basin,  the  Czech  Republic  (CR).
he  mineralogical  characteristics,  along  with  the  chemical
omposition,  indicate  SiO2 and  other  oxides  of  aluminium,
alcium,  magnesium  as  the  major  components  of  the  coal
ailings.  The  chemical  composition  of  ﬂotation  tailings  is
ummarized  in  Table  1.  The  chemical  composition  of  the
ailings  was  determined  by  means  of  WD-XRF  spectrometry,
aking  use  of  Spectron,  Spectroscan  Makc-GV.
oagulants
he  coagulants  used  to  destabilize  the  medium  and  sup-
orts  the  formation  of  separable  ﬂoccules  are  the  aluminium
hloride  and  pre-hydrated  aluminium  salts  as  aluminium
hlorohydrate  —  ACH  (dialuminium  chloride  pentahydrox-
de)  and  polyaluminium  chloride  —  PACl.  10%  solution  of
lCl3 was  prepared  by  dissolving  solid  AlCl3·6H2O  (analytical
eagent  from  PENTA,  CR)  in  deionized  water.  Five  ACH  coag-
lants  (F1.2A,  F1AM,  FD15,  FDM17H,  F1S)  were  provided  by
EMPOL-ECO  (PL)  and  PACl  (PAX-18)  was  provided  by  Kemwa-
er  ProChemie  (CR).  Some  characteristics  of  coagulants  are
entioned  in  Table  2.
Chemical  compositions  Type
Al3+ min.  11.0%,  Cl− max.  7.0%  ACH
Al3+ min.  9.0%,  Cl− max.  13.5%  ACH
Al3+ min.  6.0%,  Cl− max.  4.0%  ACH
Al3+ min.  8.5%,  Cl− max.  9.5%  ACH
Al3+ min.  11.0%,  Cl− max.  13.0%  ACH
Al3+ min.  9.0%,  Cl− max.  23.0%  PACl
Granular  form,  MW  of  241.43  g/mol  Metal  salt
um chloride, MW = molecular weight.
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minium  hydroxide  could  end  up  on  particle  surfaces  by
several  possible  pathways  and  it  is  positively  charged,  while
the  tailings  particles  are  negatively  charged.  If  the  positive
surface  then  comes  into  contact  with  a  negatively  charged
Table  3  Dosages  of  coagulants  in  constant  density  of  the
suspension.
Coagulant  Suspension
density
Dosage  per  one  L  of
suspension
(g/L)  (L/L)
F1.2A  10  50
F1AM  10  61
FD15  10  92
FDM17H  10  65Figure  1  Schematic  mechanis
The  process  of  destabilization,  or  coagulation,  is
achieved  by  various  electrochemical  processes,  depending
on  the  coagulant  used  (Scheiner  and  Moudgil,  1988).  These
are  the  electrostatic  ‘patch’  mechanism  (Kasper,  1971;
Gregory,  1973),  the  ‘bridging’  mechanism  (Hughes  and
Ramsden,  1995;  Gregory,  1996),  reduction  of  the  interactive
energies  (Black,  1960;  O’Melia,  1969)  and  the  ‘sweep’  ﬂoc
mechanism  (Gregory,  1989;  Crozes  et  al.,  1995).  Some  coag-
ulants  act  primarily  by  one  mechanism,  although  depending
on  the  raw  water  and  the  treatment  process,  a  combination
of  the  processes  may  be  involved.  The  mechanism  of  ACH
coagulants  action  is  illustrated  in  Fig.  1.
C/F  experiments
The  C/F  experiments  were  carried  out  using  a  jar  test  with  a
speed  control.  For  each  test,  1000  mL  of  tailings  containing
1%  (w/w)  solids  was  placed  in  a  2-L  glass  jar  and  stirred  for
2  min  at  a  rotational  speed  250  rpm  to  ensure  homogenous
dispersion.  The  required  amount  of  coagulant  solution  was
added  continuously  into  the  tailing  slurry  over  a  period  of
30  s.  Thereafter  the  initial  mixing  speed  was  conducted  at
50  rpm  for  60  s.
The  residual  turbidity  was  measured  via  a  VIS  spectropho-
tometer  DR3900  (HACH  LANGE,  D)  after  the  slow  mixing  in
settling  times  of  60  s,  240  s  and  600  s.  The  zeta  potentials
were  measured  via  a  laser  zeta  analyser  Zetasizer  nano  ZS
(Malvern  Inc.,  UK)  60  s  after  the  slow  mixing.  Temperature,
pH  and  conductivity  were  recorded  too.
All  coagulants  dosages  used  in  this  study  were  calculated
by  optimal  dosage  of  coagulant  F1.2A  (optimal  dosage  of
50  L/L  correlates  in  amount  of  5.5026  mg  Al  ions/L  sus-
pension).  It  was  determined  in  experiments  before  (Thomas
et  al.,  2014),  where  isoelectric  point  was  reached  in  pH
7.80  and  dosage  was  in  interval  between  20  and  30  L/L.
Suspension  density  was  10  g/L.
Dosages  of  all  coagulants  are  summarized  in  Table  3.  In
ﬁrst  step  all  experiments  were  conducted  at  constant  lab-
oratory  temperature  20 ◦C.  In  next  steps  experiments  were ACH  action  on  ﬂoc  formation.
onducted  at  temperatures  of  5 ◦C,  10 ◦C  and  15 ◦C  to  simu-
ate  full-scale  conditions.
esults and discussion
ollected  data  of  turbidity,  selected  water  chemistry  param-
ters  (pH,  Al3+,  conductivity)  as  well  as  zeta  potential  of
he  tailing  slurries  particles  as  a  function  of  coagulant
osage,  temperature  and  utilization  mixing  properties  were
xamined.  Especially  turbidity,  residual  concentration  of
luminium  ions  and  pH  of  treated  water  was  taken  as  a
ontrol  of  C/F  process.
We  assume  that  when  we  use  three  types  of  coagu-
ants  (aluminium  chloride,  ACH  and  PACl),  the  interaction
etween  the  tailings  suspension  and  coagulant  will  be  fol-
owing.  Destabilization  begins  after  addition  of  a dose  of
oagulant  (Al3+ ions)  that  exceeds  the  operational  solu-
ility  limit  of  aluminium  hydroxide.  Aluminium  hydroxide
pecies  are  then  deposited  onto  colloidal  surfaces.  Alu-F1S  10  61
PAX-18  10  61
AlCl3 10  492
174  P.  Malíková  et  al.
Figure  2  Effect  of  coagulant  addition  on  zeta  potential  and  pH  of  tailing  slurries.
Table  4  Turbidity  reduction  of  tailing  slurries  treated  at  mixing  conditions  30  s/250  rpm  and  60  s/50  rpm  in  temperature  interval
from 5 ◦C  to  20 ◦C  measured  after  60  s,  240  s  and  600  s  sedimentation.
Coagulant  Turbidity  reduction  (%)
5 ◦C  10 ◦C  15 ◦C  20 ◦C
60  s  240  s  600  s  60  s  240  s  600  s  60  s  240  s  600  s  60  s  240  s  600  s
Blank  0  10  15  0  10  22  0  12  22  0  6  10
F1.2A 68  75  86  81  87  91  86  89  92  94  94  94
F1AM 17  36  54  43  59  74  58  73  84  94  94  96
FD15 55  67  73  66  74  81  81  85  91  95  95  96
FDM17H 12  28  40  23  45  60  49  63  73  90  92  94
F1S 6  20  35  9  24  42  18  38  49  76  83  88
PAX-18 0 18  29  6  23  33  12  28  40  94  95  97
AlCl3 5  19  28  7  26  37  5  21  37  92  95  95
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Table  5  Turbidity  reduction  of  tailing  slurries  treated  with
F1.2A  at  different  mixing  conditions  and  at  5 ◦C  measured
after 60  s,  240  s  and  600  s  sedimentation.
Mixing  conditions  at
5 ◦C
Turbidity  reduction  (%)
F1.2A
60  s  240  s  600  s
30  s/250  rpm  and
60  s/50  rpma
68  75  86
30 s/250  rpm  and
120  s/50  rpm
79  83  88
60 s/250  rpm  and
60  s/50  rpm
83  89  94
Figure  3  Turbidity  values  of  tailing  slurries  treated  with  all
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a Initial mode.
surface  then  attraction  and  aggregation  will  occur  and  this
produce  compact  ﬂocs.
Zeta  potential
The  results  for  all  coagulants  indicate  the  positive  trend
of  zeta  potential  suggests  that  charge  neutralization  by
adsorption/deposition  of  the  positively  charged  coagulants
precipitates  onto  the  negatively  charged  tailing  slurries
particle  surface.  It  is  clear  that  there  is  a  leap  in  the  tail-
ing  slurries  suspension’s  zeta  potential  from  values  around
−20  mV  to  values  around  +20  mV  at  5 ◦C,  respectively  around
+10  mV  at  20 ◦C.  In  all  cases  pH  values  at  optimum  doses
did  not  fall  7  (F1.2A,  FD15),  respectively  6  (F1AM,  FDM17H,
F1S,  PAX-18,  AlCl3).  Fig.  2  illustrates  the  effect  of  coagulant
addition  on  zeta  potential  and  pH  of  tailing  slurries.Turbidity
Turbidity  values  and  turbidity  reduction  of  tailing  slurries
treated  with  all  coagulants  at  mixing  conditions  250  rpm  30  s
e
p
t
Table  6  Turbidity  reduction  of  tailing  slurries  treated  with  F1AM
conditions and  at  5 ◦C  measured  after  60  s,  240  s  and  600  s  sedimen
Mixing  conditions  at  5 ◦C  Turbidity  reduction
F1AM  
60  s  240  s  6
30  s/250  rpm  and  60  s/50  rpm  (initial  mode) 17  36  5
60 s/25  rpm  and  120  s/50  rpm 76  88  9
Mixing conditions  at  5 ◦C  Turbidity  reduction
F1S  
60  s  240  s  6
30  s/250  rpm  and  60  s/50  rpm  (initial  mode)  6  20  3
60 s/250  rpm  and  120  s/50  rpm  20  46  6
60 s/250  rpm  and  240  s/50  rpm  N/A  N/A  Noagulants  at  mixing  conditions  30  s/250  rpm  and  60  s/50  rpm
n temperature  interval  from  5 ◦C  to  20 ◦C  measured  after  60  s
edimentation.
nd  50  rpm  60  s  in  temperatures  from  5 ◦C  to  20 ◦C  measured
fter  60  s  sedimentation  are  illustrated  in  Fig.  3  and  Table  4.
t  proved  that  optimal  doses  of  all  coagulants  are  effective
n  dewatering  ﬂotation  tailings  at  forming  stable  ﬂoccules  in
hort  sedimentation  time  at  20 ◦C.  Effectiveness  of  turbidity
eductions  was  around  95%  in  most  coagulants  used  except
1S.  Its  effective  was  around  88%.
ixing  conditions
he  mixing  conditions  (250  rpm  for  30  s  and  50  rpm  for  60  s
 else  30  s/250  rpm  and  60  s/50  rpm)  were  determined  in
xperiments  before  with  F1.2A,  and  PAX-18  at  20 ◦C  (Thomas
t  al.,  2014).  The  mixing  conditions  had  to  be  changed  for
nhancing  the  effectiveness  of  C/F  process  for  lower  tem-
eratures,  even  at  5 ◦C.
From  the  ﬁrst  the  changed  mixing  conditions  were
ested  with  coagulant  agent  F  1.2A  at  5 ◦C.  The  effect
,  FD15,  FDM17H,  F1S,  PAX-18  and  AlCl3 at  different  mixing
tation.
 (%)
FD15  FDM17H
00  s  60  s  240  s  600  s  60  s  240  s  600  s
4  55  67  73  12  28  40
4  95  97  98  75  88  93
 (%)
PAX-18  AlCl3
00  s  60  s  240  s  600  s  60  s  240  s  600  s
4  0  18  29  5  19  28
0  18  41  56  5  21  30
/A  82  94  97  1  24  31
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TFigure  4  Turbidity  values  in  settling  time  for  tailing  f  changed  mixing  conditions  corresponds  with  turbid-
ty  reduction.  Efﬁciency  of  the  changed  and  initial
ixing  conditions  at  5 ◦C  for  F1.2A  is  summarized  in
able  5.  The  best  results  were  achieved  in  twice
t
5
ties  treated  at  different  mixing  conditions  and  at  5 ◦C.ime  of  mixing  conditions,  i.e.  60s/250  rpm  and  120  s/
0  rpm.
The  higher  dosage  was  tested  too  but  the  effect  on
urbidity  reduction  was  same  as  with  optimal  dosage.
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Remaining  coagulants  were  tested  with  changed  mixing
conditions.  Like  changed  mixing  conditions,  were  selected
60  s/250  rpm  and  120  s/50  rpm.  Turbidity  reduction  at  5 ◦C
with  F  D15  was  comparable  to  results  of  F1.2A.  Results  of
F1AM  were  comparable  with  FDM17H.  PAX-18  is  applicable
at  5 ◦C  but  the  times  of  slow  mixing  conditions  must  be  longer
four  times.  Effectiveness  of  F1S  and  AlCl3 were  not  applica-
ble  in  dewatering  process  of  tailing  slurries.  We  can  say  that
AlCl3 works  only  at  20 ◦C.  Compared  mixing  conditions  and
turbidity  reduction  are  summarized  in  Table  6  and  trends  of
turbidity  are  illustrated  in  Fig.  4.
In  general,  we  can  say  that  at  lower  temperatures  are
more  subtle  ﬂocs  that  need  longer  times  for  subsequent
sedimentation  than  at  20 ◦C.  Water  quality  —  the  resid-
ual  concentrations  of  the  aluminium  ions  in  the  individual
treated  water  were  below  the  detection  limit,  i.e.  below
0.05  mg/L.
Conclusions
C/F  experiments  manifest  that  the  selected  aluminium
based  coagulants  are  convenient  in  dewatering  process  of
tailing  slurries  and  are  practicable  for  further  test  and  use
in  industry.  There  is  a  close  dependence  among  the  choice
of  the  optimal  coagulant  agent,  its  dosage,  temperature,
mixing  conditions,  character  of  the  suspended  particles  and
sedimentation  under  required  conditions.
Combining  the  above  stated  parameters,  it  is  possible  to
achieve  effective  dewatering  in  short  time.  Optimal  doses
of  all  coagulants  do  not  worsen  the  conditions  in  the  pro-
cess  water  for  its  re-use.  An  important  parameter  of  the
C/F  process  is  also  the  stability  of  the  ﬂoccules  and  cohe-
sion  of  the  material  under  sedimentation.  The  study  of  the
zeta  potential  shows  good  bonding  of  the  agents  in  the  sus-
pended  medium  and  conditions  for  good  C/F  in  media  whose
potential  is  close  the  isoelectric  point.
From  the  results  is  evident  as  well,  that  solution  of  dis-
solved  salts  like  AlCl3,  are  suitable  only  for  temperature
around  20 ◦C.  When  the  temperature  is  reaching  the  limit
value  of  5 ◦C  the  solution  is  not  working  properly.  It  means
that  effect  of  this  low  temperature  inﬂuence  bonding  reac-
tion  of  dissolved  Al  ions  in  compensation  process  of  surface
charge.
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